LIQUID CRYSTAL ADAPTIVE LENS WITH CLOSED-LOOP ELECTRODES AND 
RELATED FABRICATION METHODS AND CONTROL METHODS 

CROSS-REFERENCE TO RELATED APPLICATIONS 
The present application claims priority from U.S. Provisional Patent Application 
S/N 60/264,636, entitled: Liquid Crystal Adaptive Lens with Circular Electrodes and 
Related Fabrication Methods and Control Methods filed on January 26, 2001, the 
contents of which are incorporated herein by reference. 

FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT 
The United States Government may have rights in this invention as provided for 
by the terms of Contract Numbers EPS-9720653 and ECS-9625040 on behalf of the 
National Science Foundation. 

FIELD OF THE INVENTION 
The present invention relates generally to optical lenses and, more particularly, to 
liquid crystal switchable lenses with electrically adjustable focal lengths, and related 
fabrication and control methods. 

BACKGROUND OF THE INVENTION 
In many applications, such as imaging systems, display systems, optical memory 
systems and optical communication systems, it is desirable for the focal length of the lens 
system to be adjustable. In conventional lens systems, the lenses are designed to focus 
light by varying the thickness of a uniform refractive index medium over an aperture. 
The phase delay is generally graded in a parabolic shape across the aperture. Currently, 
adjustment of such conventional lenses are made in most systems by mechanical 
movement, with the lenses having static indices of refraction. This mechanical 
movement, however, is usually bulky, slow and expensive. Additionally, in high-power 
microscope systems the working distance is very short, which makes it easy to damage 
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expensive lenses and samples being viewed when trying to mech^uiically adjust the focal 
length of the lens. 

To remedy the problems associated with mechanically adjustable optics, liquid 
crystal (LC) switchable lenses with electrically adjustable focal lengths have been 
5 developed to provide adaptive optics, which directs light in real time without mechanical 
motion of bulky optics. For example, LC switchable lenses, such as micro-lenses, LC 
active lenses and LC modal lenses, are electro-optical devices that utilize a refractive 
index graded over the aperture of the lens to bring Ught into focus. In this regard, micro- 
lenses use a pair of hole-patterned electrodes to grade the refractive index over the 
10 aperture. LC active lenses connect a lens with a two-dimensional liquid crystal phase 
modulator with an electrode matrix. And LC modal lenses are driven by an AC voltage 
applied to the cell boundary. Generally, LC lenses have several advantages over 
\Z mechanically adjustable optics, such as light weight, fast speed, simple control, low 

^ power consumption, high reliabiUty, low cost and the ability to simulate different lens 

ijj 15 configurations, such as spherical and cylindrical lenses as well as Fresnel lenses, for 
p example, 

Q One type of LC switchable lens uses two tandem cells with orthogonal linear 

n electrodes to control the refractive index of the lens. In these lenses, the surface of the 

lens is treated so that the liquid crystal molecules ahgn homogeneously in either the "x" 
20 or "y" direction. If the preferred direction is in the "x" direction, only light polarized in 
the "x" direction will be affected, and visa versa. A single lens of this type of 
configuration, however, can only emulate a cylindrical lens. And due to the polarization 
sensitivity of the lens, to obtain a true spherical lens that can focus random plane 
polarized Ught, four cells of this configuration are required instead of two. Thus, to 
25 simulate spherical lenses, these type of LC lenses require two cells for each linear 

polarization. Additionally, because cells are never identical, two cells cannot be driven 
with the same voltages, which further complicates the operation of these lenses. 

SUMMARY OF THE INVENTION 
30 In light of the foregoing background, the present invention provides a liquid 

crystal adaptive lens (LCAL) with closed-loop electrodes and related fabrication methods 
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and control methods. The closed-loop shape of the electrodes enables the electrodes to 
provide radial variation in the refractive index of the LCAL. Thus, the LCAL is capable 
of focusing linearly polarized hght with just one cell. Additionally, because one cell can 
focus linearly polarized light, a single controller can drive the cell with one set of control 

5 voltages. 

According to one aspect of the present invention, a liquid crystal adaptive lens 
(LCAL) comprises a reference plate, a liquid crystal layer disposed in electrical 
communication with the reference plate, and a plurality of closed-loop electrodes 
disposed in electrical communication with the liquid crystal layer. The closed-loop 
10 electrodes are adapted to receive a variable control voltage such that the refractive index 
of at least a portion of the liquid crystal layer is adjustable such that light passing through 
the liquid crystal layer is capable of having its phase modulated across the aperture of the 
Z Uquid crystal layer. 

3 To provide radial variation in the refractive index across at least a portion of the 

15 liquid crystal layer the closed-loop electrodes can be disposed in a concentric circular 
'f, pattem. And to provide the variable control voltage to the closed-loop electrodes, the 

3 LCAL can ftirther include at least one pair of conductors in electrical contact with at least 

3 two closed-loop electrodes, and at least one connector electrically connecting at least two 

7, closed-loop electrodes and each conductor of a respective pair of conductors. The 

y 20 closed-loop electrodes can also be evenly spaced from one another such that a voltage 
n drop between each adjacent closed-loop electrode is equal when the variable control 

voltage is apphed across the pairs of conductors. Additionally, the pairs of conductors 
can have a resistivity less than a resistivity of a respective coimector. 

In one embodiment, the closed-loop electrodes comprise at least one subset of 
25 closed-loop electrodes. In this embodiment, each pair of conductors are in electrical 

contact with a respective subset of closed-loop electrodes, and each connector electrically 
connects each closed-loop electrode of a respective subset of closed-loop electrodes and 
each conductor of the respective pair of conductors. As such, the LCAL can emulate a 
Fresnel phase profile with each subset of closed-loop electrodes comprising a Fresnel 
30 zone. In this regard, to reduce overall aberration, a phase delay in each Fresnel zone can 
be equal 
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According to another aspect of the present invention, a method of fabricating a 
liquid crystal adaptive lens comprises begins by forming the pairs of conductors upon a 
substrate, and thereafter depositing an insulating layer upon the pairs of conductors and 
the substrate. Next, the closed-loop electrodes are created on the insulating layer such 
5 that at least one closed-loop electrode is in electrical contact with each conductor. For 
example, the closed-loop electrodes can be created by depositing a layer of electrically 
conductive material upon the insulating layer and thereafter forming the layer of 
electrically conductive material into the plurality of closed-loop electrodes. In a further 
embodiment, creating the closed-loop electrodes can include forming at least one 
10 connector between at least two closed-loop electrodes. After the closed-loop electrodes 
are created, a layer of liquid crystal is then deposited upon the plurality of closed-loop 
electrodes, and the reference plate is secured upon the layer of liquid crystal. 
Z In another embodiment, the closed-loop electrodes are created by forming at least 

1 one pair of electrically conductive vias within the insulating layer such that the vias are in 

J 15 electrical contact with a respective pair of conductors. And then the closed-loop 

electrodes are produced such that at least one closed-loop electrode electrically contacts 
3 each via. In this regard, the electrically conductive vias can be formed by first forming 

3 an etch mask defining at least one opening upon the insulating layer. Then, at least one 

hole is etched within the openings, with the holes extending through the insulating layer 
y 20 such that at least a portion of the at least one pair of conductors is exposed. Finally, an 

a 

y electrically conductive material is deposited within the holes such that the electrically 

conductive material electrically contacts the pairs of conductors. 

The present invention also provides an LCAL system that comprises an LCAL, 
such as that described above, and an auto-focusing subsystem capable of adjusting the 

25 variable control voltage to the LCAL to thereby adjust a refractive index of at least a 
portion of the liquid crystal layer of the LCAL such that light passing through the Uquid 
crystal layer is capable of being redirected. In this regard, the auto-focusing subsystem 
can include an image source capable of passing hght through the LCAL, and an image 
capture device capable of capturing the light after the hght passes through the liquid 

30 crystal layer of the LCAL. Further, the auto-focusing subsystem can include a control 
element capable of adjusting the variable control voltage to at least one subset of the 
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closed-loop electrodes of the LCAL to thereby adjust the refractive index of at least a 
portion of the liquid crystal layer of the LCAL. In this regard, the control element is 
capable of adjusting the variable control voltage at least partially based upon a point 
spread function of the light captured by the image capture device. For example, the 
5 control element can apply the variable control voltage to the conductors of the LCAL. 

In one embodiment, the control element is capable of applying a set of control 
voltages to the LCAL and thereafter calculating the point spread function for the light 
captured by the image capture device at each control voltage. In this embodiment, the 
control element is capable of adjusting the variable control voltage based on a 

10 comparison of the point spread function for the hght captured at each control voltage in 
the set. In embodiments where the closed-loop electrodes comprise at least one subset of 
closed-loop electrodes, the control element is capable of applying a set of control 
voltages to each subset of closed-loop electrodes, and thereafter calculating the point 
spread function for the light captured by the image capture device at each voltage within 

15 each set of voltages applied to each subset of closed-loop electrodes. As such, the control 
element can compare the point spread function for the light captured at each voltage, and 
adjust the variable control voltage to the closed-loop electrodes based upon the 
comparison of the point spread function for the light captured at each control voltage of 
each set of voltages applied to each subset of closed-loop electrodes. 

20 In another embodiment, the LCAL system further includes a lens capable of 

directing the Ught in a predetermined direction before the light passes through the LCAL. 
Also, the LCAL system can include a polarizer capable of polarizing the light in a 
predefined orientation after the lens directs the light and before the light passes through 
the LCAL. 

25 In operation, a variable control voltage is appUed to a subset of the closed-loop 

electrodes of the LCAL. Light is then passed through the Uquid crystal layer of the 
LCAL and thereafter captured. A point spread function for the light captured is 
calculated, and the variable control voltage is adjusted at least partially based upon the 
point spread function to thereby adjust a refractive index of at least a portion of the liquid 

30 crystal layer such that the Ught passing through the Uquid crystal layer is redirected. In 
embodiments including the lens and polarizer, the Ught is directed in a predetermined 
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direction before passing the light through the LCAL. Then, the hght is polarized in a 
predefined orientation. 

In another embodiment, a series of control voltages are appHed to the subset of 
the closed-loop electrodes. As such, the light is captured after passing through the LCAL 
5 at each control voltage, and the point spread function is calculated for the light captured 
at each control voltage. In this embodiment, the point spread functions for the light 
captured at each control voltage are compared before adjusting the variable control 
voltage, with the variable control voltage adjusted based upon the comparison. Further, 
in one embodiment, the Hght is passed and captured, and the point spread functions are 
1 0 calculated and compared repeatedly for each subset of the plurality of closed-loop 
electrodes before adjusting the variable control voltage. 

Therefore, the LCAL with closed-loop electrodes of the present invention can 
produce radial variation in the refractive index of the liquid crystal layer of the LCAL. 
Thus, the LCAL is capable of focusing linearly polarized Ught with just one cell, with a 
15 single controller driving the cell with one set of control voltages for each focal length 
desired. 

BRIEF DESCRIPTION OF THE DRAWINGS 

|..^« Having thus described the invention in general terms, reference will now be made 

rli 

i:Jt 20 to the accompanying drawings, which are not necessarily drawn to scale, and wherein: 
C3 FIG. 1 is a top view of the LC adaptive lens (LCAL) of the present invention with 

the liquid crystal and reference plate layers removed for purposes of illustration and 
looking into the insulating layers, according to one embodiment; 

FIG. 2A is a perspective view of a section of the LCAL illustrated in FIG. 1 and 
25 including the liquid crystal and reference plate layers, taken from section 2A; 

FIG. 2B is a cross-section view of the section of the LCAL illustrated in FIG. 2A, 
taken along line 2B; 

FIGS. 3 A-3 J are perspective views illustrating steps in the fabrication of the 
LCAL, with only the section illustrated in FIG. 2A shown; 
30 FIG. 4 is a flow diagram of the auto-focusing system of the present invention, 

according to one embodiment; 



AttyDktNo 38470/241807 



lit 



FIG. 5 is a block diagram of an auto-focusing system according to one 
embodiment employing the flow diagram illustrated in FIG. 4; and 

FIG. 6 is a representative block diagram of one embodiment of the controller 
illustrated in FIG. 4 

5 

DETAILED DESCRIPTION OF THE INVENTION 
The present invention now will be described more fully hereinafter with reference 
to the accompanying drawings, in which preferred embodiments of the invention are 
shown. This invention may, however, be embodied in many different forms and should 

10 not be construed as limited to the embodiments set forth herein; rather, these 

embodiments are provided so that this disclosure will be thorough and complete, and will 
fully convey the scope of the invention to those skilled in the art. Like numbers refer to 
like elements throughout. 

Referring to FIGS. 1, 2A and 2B, the liquid crystal (LC) adaptive lens (LCAL) 10 

15 of the present invention is a multilayer composite device supported by a substrate layer 
11, such as a glass substrate. The LCAL includes a reference plate 16, a nematic liquid 
crystal layer 12 deposited in electrical communication with the reference plate, and a 
plurality of closed-loop electrodes 14 deposited in electrical communication with the 
liquid crystal layer. The closed-loop electrodes 14 are constructed of a conducting 

20 material, such as indium tin oxide (ITO) coated glass. The electrodes can have any of a 
number of closed-loop shapes but, in a preferred embodiment, the electrodes are circular 
shaped and disposed in a concentric pattem. While the size of each electrode and 
separation between electrodes can vary, in one embodiment the electrodes are 10 
micrometers wide, and 10 micrometers apart on a 20 micrometer center. Each electrode 

25 on the electrode plate is adapted to receive a variable control voltage such that the 

refractive index across the aperture of the liquid crystal layer and, thus, the LCAL, can be 
graded such that light passing through the LCAL is capable of being redirected, such as 
by being brought into focus. 

As stated above, an LC switchable lens utilizing two tandem cells with orthogonal 

30 linear electrodes has disadvantages in that more cells are required to simulate a true 

spherical lens, and that having more cells compUcates the operation of the lens because 
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two cells cannot be driven with the same voltages. The LCAL of the present invention 
remedies this problem by providing a number of closed-loop electrodes, preferably 
arranged in a circular concentric pattem. By having electrodes in a closed-loop shape, 
particularly a circular shape, the electrodes can provide radial variation in the refractive 
5 index of the LCAL. Thus, the LCAL will be able to focus linearly polarized Ught with 
just one cell driven by a single controller. 

In order to apply a voltage across the electrodes, the LCAL 10 includes a set of 
highly conductive conductors 18, connected to respective closed-loop electrodes and 
electrically interconnected by highly conductive connectors 20. The connectors not only 

10 connect the conductors, but also are generally connected to one or more additional 

closed-loop electrodes that are disposed between the closed-loop electrodes to which the 
conductors are connected. While the conductors and connectors can vary in width 
depending upon the application, in one embodiment the conducting and connectors have 
a width of 10 micrometers. 

15 Because of the conductivity of the conductors 18 and connectors 20, they must be 

separated in the LCAL by an insulating layer, including a base insulating layer 23 and a 
planarizing insulating layer 25 in one embodiment. Although the insulating layers are not 
shown in FIG. 1 so that the relative position of the conductors to the closed-loop 
electrodes 14 and connectors can be highlighted, it should be understood that FIG. 1 is 

20 for illustrative purposes only and should not be seen as an actual representation of the 
LCAL. While the insulating layers can be formed from a variety of different insulating 
materials, in one embodiment the insulating layers are formed of SU-8. In order improve 
the performance of the LCAL, the molecules of the Uquid crystal layer 12 should not be 
affected by the electromagnetic field of the conductors. Therefore, while the insulating 

25 layers can have any of a number of thicknesses, the thickness should be selected as large 
as possible while taking into account the desired performance of the LCAL and the 
fabrication process, since larger thicknesses are generally more difficult to fabricate. To 
electrically interconnect the conductors with the connectors, the LCAL includes electrical 
vias 24 or other electrical connections within the insulating layer between respective 

30 conductors and connectors. 
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As known to those skilled in the art, many conventional lenses suffer from phase 
aberration, which results in blurring and loss of clearness in the images produced by the 
lenses. There are generally two sets of phase aberrations, static phase aberration and 
dynamic phase aberration. Dynamic phase aberration results from inaccurate appHed 
5 voltages that can be adjusted during operation. Generally, static phase aberration can be 
characterized as either quantization aberration and meshing aberration. In this regard, 
quantization aberration is the result of sampling the refractive index of the lens by 
discrete electrodes, while meshing aberration results from the difference in refractive 
indices between the electrode region and the interstitial region (region between 
10 electrodes). The refractive index distortion in the interstitial region creates the meshing 
phase aberration, which causes a "lenslet" effect. And when Fresnel lenses are simulated 
with conventional LC switchable lenses, the lenslet effect generally causes discontinuity 
at the boundary of each Fresnel zone, thus introducing aberration. 
C3 To reduce static phase aberration in the LCAL 10, the conductors 18, closed-loop 

ly 15 electrodes 14 and connectors 20 form a "conductive ladder meshing" design. The 
"Jf conductive ladder meshing design divides the LCAL into sections such that each section 

□ includes a subset of electrodes, including a plurality of closed-loop electrodes, two 

addressable conductors connected to two of the closed-loop electrodes (typically the two 
outermost closed-loop electrodes of the subset) and a connector extending between the 
i U 20 two conductors and connected to each of the other closed-loop electrodes, i.e., any 
j'n intermediate closed-loop electrodes of the subset. Upon applying a variable control 

voltage across the two conductors, the voltage drop along the connector will be linear, 
and the voltage drop between each pair of adjacent closed-loop electrodes will be equal 
since the closed-loop electrodes are evenly spaced. The voltage drop between the closed- 
25 loop electrodes will be produced and controlled by a voltage drop along the connector. In 
this regard, the voltage drop along the conductor is preferably small enough so that the 
applied voltage can be in the desired operation range. The voltage drop can be controlled 
by the ratio of the resistivity of the conductor and the resistivity of the connector. In 
order to decrease the voltage drop, the resistivity of the conductors is preferably low 
30 (such as 50 -square) compared to the resistivity of the connectors (such as 500Q -square), 
preferably at a ratio of less than 0.4. 
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The conductive ladder meshing design gives the LCAL a property known as 
"sloppy staircase" phase delay between the two addressable conductors. The conductive 
ladder meshing design also allows a Fresnel phase profile to be emulated with the LCAL 
10, with each section made up of a subset of closed-loop electrodes 14 electrically 
5 connected by a connector 20 so as to act as a Fresnel zone, with two Fresnel zones shown 
in FIG. 1. While FIGS. 1 and 2 only depict Fresnel zones comprising two and three 
closed-loop electrodes and two conductors, it should be understood that the Fresnel zones 
typically comprise a greater number of electrodes and conductors, and the figures are for 
illustrative purposes only. As stated, the number of electrodes in the LCAL and the 
10 number of electrodes in each Fresnel zone can vary. For example, in one embodiment, 
the LCAL includes 196 closed-loop electrodes divided into 32 Fresnel zones, with 32 
connectors 20 (one per Fresnel zone) and 64 conductors 18 (two addressable conductors 
1:::=^ per Fresnel zone). 

Q To reduce the overall aberration, the LCAL 10 employs an equal phase spacing 

i ij 15 design wherein the phase delay in each Fresnel zone is equal. For a nominal "design" 

focal length, the phase delay in each Fresnel zone is 2tc, For example, at any given time, 

i;S!!R 

□ an AC voltage at a conductor connected at one end of a respective connector will have a 

phase that differs by 27r from the AC voltage at the conductor connected at the other end 
of the respective connector. When the focal length is changed, the phase delay in each 
20 Fresnel zone will be equal, but not exactly 27r. The equal phase spacing design 
minimizes overall aberration, optimizes the coherent transfer function (CTF), and 
maximizes the variable focal length range. While the focal length varies, the nominal 
designed focal length for one advantageous LCAL is 0.38 meters. 

For the steady-state, assuming that the refractive index under the closed-loop 
25 electrodes 14 is uniform while in the interstitial region (region between closed-loop 
electrodes), the rejfractive index is paraboUc in shape because of electrostatic field 
meshing. Because of the closed-loop geometry of the electrodes, the LCAL 10 can be 
considered as an ideal thin lens with aberration. Ignoring the constant phase term, the 
transmittance of the LCAL for a given radius of the aperture of the liquid crystal layer 12, 
30 r, is: 
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5 In equation (1), Tlcal is the transmittance of the LCAL,/is the focal length, ro is the 
maximum radius of the aperture, ^lcal is the phase aberration, and cir is the circular 
aperture function. The imaging of light passing through the LCAL can be characterized 
in terms of its coherent transfer function and impulse response (i.e., point spread 
function). Now, assume a complex pupil function as follows: 



PicAiir) = exp(-7*<D,c^J*dr(r/ro) (2) 



The impulse response, h, of light passing through the LCAL can be represented as 
follows: 



00 2;r 



h{r)= j Jr * Pi^cAL (^) * exp[7 *{k^*r* cos{& - (p)]drdS (3) 



-00 0 



In equation (3), kr = K^rlf. The Fourier transform of h(r) is the coherent transfer function 
(CTF) of the Ught. Therefore, the intensity of the Ught on the focal plane can be 
20 represented as: 

h=\Krt (4) 

Using equation (4), the focal plane intensity of the LCAL can be predicted. The variation 
25 of the refractive index n across the aperture of the liquid crystal layer LCAL can be 
expressed as follows: 

n = n^- - n.) * Tq^] * (5) 

30 In equation (5), «/ is the intermediate index of refraction, rie is the extraordinary index of 
refraction, and ro is the maximum aperture radius. The F-number of the LCAL can be 
represented as: 
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In order to have a reasonable F-number, the Fresnel lens phase profile is preferably 
developed by applying the modulo n-lir function, 

5 With reference to FIGS. 3A-3J, fabrication of the LCAL 10 begins with providing 

the substrate layer 11, such as a glass substrate. The conductors 18 are then formed by 
sputtering and patterning an electrically conductive material, such as indium tin oxide 
(ITO), on the substrate layer. See FIG. 3B. As previously stated with respect to FIGS. 1 
and 2, FIGS. 3B-3 J only depict a single Fresnel zone comprising two closed-loop 

10 electrodes and two conductors. It should be understood, however, that the Fresnel zones 
typically comprise a greater number of electrodes and conductors, and the figures are for 
illustrative purposes only. Next, an insulating layer is deposited on the substrate layer 
over the conductors. While the insulating layer may be constructed in different manners, 
the insulating layer of the illustrated embodiment includes a base insulating layer 23 and 

15 a planarizing insulating layer 25. In this embodiment, the base insulating layer is 
deposited on the substrate layer over the conductors, as shown in FIG. 3C. It will be 
understood by those having skill in the art that a layer, element or component that is 
described as being "on" or "deposited upon" another layer, element or component may be 
either deposited directly on the underlying element or may merely overlie the other 
y 20 element with one or more intervening layers or elements being disposed between the 
fl elements. The base insulating layer, along with the planarizing insulating layer, formed 

later, will act to insulate the conductors fi'om the connectors at all locations, except at the 
vias 24. Typically, the base insulating layer is formed of SU-8. 

After the base insulating layer 23 is deposited, the closed-loop electrodes are 

25 created on the insulating layer. In the illustrated embodiment, at least one closed-loop 
electrode is in electrical contact with each conductor. However, the LCAL may include 
more closed-loop electrodes than conductors, if desired. The closed-loop electrodes and 
the conductors may be electrically connected in various manners. In one preferred 
embodhnent, vias 24 are formed in the base insulating layer by first spinning photoresist 

30 40 on the base insulating layer and then patteming, developing and rinsing the photoresist 
so the remaining photoresist only covers the locations on the base insulating layer 

-12- AttyDktNo 38470/241807 



overlying and aligned with the conductors 18 where the vias will be located. See FIG. 
3D. A layer of material highly resistant to etching, such as chromium 41, is then 
sputtered on the base insulating layer around the photoresist, and the photoresist is 
removed, such as by a lift-off process, to expose the base insulating layer, thus forming 
5 an etch mask at the locations where the vias will be located. See FIG. 3E. Next, holes 42 
are etched through the base insulating layer at the exposed locations such that at least a 
portion ofthe conductors is exposed. The chromium mask is then removed. While the 
holes can be etched using any number of methods known to those skilled in the art, in one 
embodiment the holes are etched using a reactive ion etcher. Also, because the holes will 
10 be used to form electrically conductive vias, the holes will typically have sloped edges, as 
shown in FIG. 3F. Next, the vias are formed by depositing an electrically conductive 
material, such as ITO, along the edges and side walls of the holes so that the conductors 
can be electrically connected to the electrodes 14 and connectors 20, both formed later, 
g See FIG. 3G. 

[y 1 5 Following the formation of the vias 24, a planarizmg insulating layer 25 is 

preferably formed on the base insulating layer 23 and etched back to expose the 

j:!iss 

□ conductive material on the edges ofthe holes 42. See FIG. 3H. Next, the electrodes 14 

O are created on the planarizing insulating layer. First, an electrically conductive material, 

such as ITO-coated glass, is deposited on the planarizing insulating layer, such as by 
f U 20 sputtering. Then, the electrically conductive material is formed, such as by a lift-off 
i=rj process, into several closed-loop shapes such that each closed-loop shape comprises one 

closed-loop electrode, as shown in FIG. 31. Additionally, the electrically conductive 
material is preferably shaped to form the connectors 20 between the electrodes at the 
location ofthe vias, so that each conductor 18 is connected to a respective closed-loop 
25 electrode and to the connector by means of a via. 

Referring to FIG. 3 J, after the electrodes 14 are created, an alignment layer 30 is 
deposited on the planarizing insulating layer 25, and a layer of nematic hquid crystal 12 
is deposited on the aUgnment layer. Whereas the aUgnment layer can comprise any of a 
number of different materials, in one embodiment the aUgnment layer comprises a 
30 polyimide film brushed to set the alignment direction. The thickness of the liquid crystal 
layer can vary depending upon the desired application. After the liquid crystal layer is 
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deposited on the alignment layer, the reference plate 16 is deposited to the liquid crystal 
layer, as shown in FIG. 2A. 

In operation, a voltage difference is applied across each pair of interconnected 
conductors 18, thereby adjusting the refractive index of the Uquid crystal layer 12 based 
5 upon the voltage potential of each closed-loop electrode. In addition, a reference voltage, 
such as ground, is applied to the reference plate 16 while a voltage differential is apphed 
across each pair of interconnected conductors. Manually driving the LCAL 10 by 
adjusting it zone by zone generally requires a relatively long time, may not be very 
accurate and may not be suitable for all real-time application. Therefore, because the 
10 liquid crystal 12 reacts to the root-mean-square (RMS) value of the input pulse to the 

electrodes 14, one aspect of the present invention provides an auto-focusing subsystem to 
provide an adjustable RMS value of an input pulse to the addressable conductors 18. 
IZ Referring to FIG. 4, for one Fresnel zone, a set of voltages is input to the two addressable 

i3 conductors. See block 200. Light, such as an image, is then passed through the LCAL, 

,y 15 and thereafter c^tured at a predefined distance &om the LCAL. The image is then 
% analyzed to find the point spread fimction of the image, as shown in block 210. Because 

□ the LCAL is not a perfect optical lens at every voltage input, the image will undergo a 

□ certain degree of degradation after passing through the LCAL at the image's capture 

;n point, resulting in an image that is somewhat different than the original image. As known 

U 20 to those skilled in the art, the point spread function (PSF) for the LCAL at each voltage 
will represent the light distribution of a point after passing through the LCAL, with the 
intensity of the Ught varying as the image varies around its desired location (with desired 
focal length of the LCAL). The optimum focal length can be determined by comparing 
the PSF distributions at the predefined distance from the LCAL for various input voltages 
25 to determine the input voltage associated with the image having an intensity that varies 
the least as the image varies around its desired location. 

Next, for each addressable electrode, the voltage is increased through a set of 
voltages firom a start voltage to an end voltage, and the PSF for the image at each voltage 
is captured. See blocks 210-230. The PSFs are compared to find the optimal PSF for the 
30 image which, in tum, corresponds to the desired focal voltage setting for the Fresnel 

zone, as shown in block 240. In this regard, the optimal PSF can be characterized as the 
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PSF associated with the image having an intensity that varies the least as the image varies 
around its desired location. The next Fresnel zone is then selected, and the process is 
repeated. See blocks 250, 260. When the desired focal voltage setting is determined for 
all Fresnel zones, the desired focal voltage is output to all respective Fresnel zones, and 
5 the final image and PSF are recorded, as shown in blocks 270 and 280. 

Referring to FIG. 5, an example configuration of the auto-focusing subsystem 100 
is illustrated. The auto-focusing system consists of a laser 101, such as a He-Ne laser, 
that provides the input hght, or image, to the system. The input image travels through 
coUimating lens 104 that redirects the image on its route to a mirror 106, which directs 
10 the image to the LCAL 10, after the image travels through a polarizer 108, which 
polarizes the light in a predefined direction. Additionally, the input image can travel 
through a spatial filter 102 before traveling through the collimating lens. The image then 
^ passes through the LCAL and is captured by an image capture device 112, such as a 

□ charge injection device (CID) camera, which is set a predefined distance &om the LCAL. 

I d 15 As the image passes through the LCAL, the controller 116 of a control element 113 

provides the input voltage to the addressable electrodes 14 which control the focal length 
Q of the LCAL for a respective Fresnel zone. The processing element 114 of the control 

j;3 element then records the input voltage from the controller and calculates the PSF of the 

i;!^ image captured by the image capture device. After the PSF is calculated for each voltage 

ri| 20 in the range of input voltages, the processing element compares the PSF for each voltage. 

In this regard, the processing element can determine the voltage corresponding with the 
PSF exhibiting the least amount of spread of Ught and, thus, the least amount of intensity 
variation in the image captured. And based upon the comparison of the PSF for each 
voltage, the processing element determines and records the desired focal voltage for that 
25 particular Fresnel zone. Once the processing element has determined the desired focal 
voltage for each Fresnel zone, the processing element instructs the controller accordingly 
to produce the final, optimized image. 

FIG. 6 illustrates an example arrangement for the controller 116 illustrated in FIG. 
5. The controller is designed to be able to generate an AC signal with adjustable RMS 
30 value and zero DC offset using a set of digital-to-analog (D/A) converters. The controller 
is preferably designed for accurate outputs, fast speed and appropriate firequency. The 
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controller includes a microcontroller 122, such as a MC68336 microcontroller, which 
operates with an oscillator 120, such as a 14.7456 MHz crystal oscillator. The 
microcontoller receives commands from the computer, typically through a serial interface 
and level translator 118, which alters the voltage level between the computer and 
microcontroller. The controller also includes a set of memory devices, such as EPROM 
124, flash memory 126 and SRAM 128 for storage of electrode addresses and other data 
used in the controller. The controller includes address decoders 132 for addressing the 
addressable electrodes. To send signals to the addressable electrodes, the controller 
includes a set of data buffers 130 which send the signals to the electrodes through a group 
of D/A converters 136. hi the embodiment including 64 conductors, the controller 
includes 64 D/A converters. 

As such, by including closed-loop electrodes, the LCAL of the present invention 
can include radial variation in the refractive index of the Hquid crystal layer of the LCAL. 
And due to the radial variation in the refractive index, the LCAL is capable of focusing 
linearly polarized Hght with just one cell, with a single controller driving the cell with one 
control voltage, as opposed to conventional lenses, which require multiple cells driven 
with multiple voltages. 

Many modifications and other embodiments of the invention will come to mind to 
one skilled in the art to which this invention pertains having the benefit of the teachings 
presented in the foregoing descriptions and the associated drawings. Therefore, it is to be 
understood that the invention is not to be limited to the specific embodiments disclosed 
and that modifications and other embodiments are intended to be included within the 
scope of the appended claims. Although specific terms are employed herein, they are 
used in a generic and descriptive sense only and not for purposes of limitation. 
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